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This work describes a study of the classical electrical resistivity size effect in tungsten. The important length
scale for this size effect is the isotropic average electron mean free path (EMFP), which was determined to be
19.1 nm for W at 293 K by employing density functional theory. To explore the size effect experimentally, (110)
oriented epitaxial W films with thicknesses ranging from 9.8 to 299.7 nm were prepared by sputter deposition onto
(112̄0) Al2O3 substrates at 520 ◦C followed by postdeposition annealing in Ar-4%H2 at 850 ◦C. Film resistivities
were measured at room temperature and at liquid He temperature. The Fuchs-Sondheimer (FS) surface scattering
model with a low specularity parameter (p = 0.11) was shown to provide a good description of the film resistivity
as a function of film thickness. Further, it is shown that an upper bound to the EMFP cannot be established by
fitting resistivity data to the FS model, whereas a lower bound can be assessed.
DOI: 10.1103/PhysRevB.86.045432 PACS number(s): 85.40.Ls, 81.15.Kk, 81.15.Cd, 71.20.Be
I. INTRODUCTION
Tungsten has recently been gaining attention as a potential
replacement for Cu in semiconductor metallization because
of its very high melting point (3695 K compared with Cu
at 1357 K), which should translate to greater reliability
due to higher activation barriers for diffusion in the grain
boundaries and along surfaces.1–4 However, with regard to
the resistivity size effect, i.e., whether W can exhibit a lower
resistivity than Cu at small dimensions despite its higher
bulk resistivity (5.3 μ cm compared to Cu at 1.7 μ cm),
it is necessary to quantify the relative contributions of
the classical resistivity size effect scattering mechanisms to
the increased resistivity with decreasing size (line height,
linewidth, and grain size).5 Two of the most important of
these mechanisms are surface scattering and grain boundary
scattering.6
Similar to studies of Cu, studies of W (Refs. 7–10) have used
the surface scattering model of Fuchs and Sondheimer11,12 (FS)
alone or in combination with the grain boundary scattering
model of Mayadas and Shatzkes13 (MS) in interpreting the
results. The FS and MS models each incorporate a phenomeno-
logical parameter related to electron scattering at defects. For
the FS model this parameter is p, the fraction of electrons
that are specularly scattered from the surfaces. The fraction of
electrons diffusely scattered from the surfaces is then (1–p).





















1 − p exp(−kt)dt
]−1
, (1)
where k = h(thickness)/λ0(bulkEMFP) and ρo is the thick
film resistivity of the metal in the limit of infinite thickness
and thus includes both the phonon and the impurity scattering
contributions. For the MS model, the phenomenological
parameter is R, the fraction of electrons that are reflected
from a grain boundary, with (1–R) denoting the fraction
transmitted.13
Typically, the parameters p and R are treated as fitting
parameters and extracted from the experimental resistivity
data. Table I lists these parameters for a representative set
of studies of W over the past 20 years. The use of the FS and
MS models in fitting resistivities of films and lines requires
knowledge of the EMFP for phonon scattering in the metal at
the temperature of measurement. However, unlike Cu, there
is no generally agreed EMFP value in W. Table I lists the
values of the EMFP either given in or obtained from other data
given in the literature for W. These EMFP values cover a wide
range, from 2 to 54 nm, which complicates systematic studies
of the resistivity size effect in W films and lines. A detailed
discussion of each of the entries in Table I is given in Ref. 14.
Given the large range of values reported for the EMFP, we
turn to density functional theory (DFT) to calculate the Fermi
surface area (S). Using this value, we find an isotropic average
EMFP for W at 293 K of 19.1 nm. We then show that the
resistivity of (110) oriented epitaxial W films deposited on
(112̄0) Al2O3 substrates can be well described by the Fuchs-
Sondheimer (FS) model with this value of EMFP and a surface
specularity parameter, p = 0.11. We also report that fitting
resistivity data to the FS model in order to estimate an EMFP
is not a reliable method since no upper bound to the EMFP
can be established using this approach.
II. CALCULATIONS AND EXPERIMENTS
To obtain the Fermi surface area of W, we employed density
functional theory (DFT) calculations of bulk W using the
experimental lattice parameters of the bcc phase (3.16 Å).
We used the generalized gradient approximation (GGA),15
as implemented within the ABINIT16 software package, with
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TABLE I. Surface specularity parameter p, grain boundary reflectivity R, and the electron mean free path (EMFP).
Reference p R EMFP at room temperature (nm)
Steinhögl et al. (2005) (Ref. 7) 0.3 0.25 54
Learn and Foster (1985) (Ref. 8) 1 0, 0.38–0.67a 41
Mikhailov et al. (1996) (Ref. 9) 0.3 – 39.6
Rossnagel et al. (2002) (Ref. 10) 0 0 10–12
Choi et al. (2011) (Ref. 4) – – 2
aLearn and Foster (Ref. 8) give R = 0 for films deposited at 300 ◦C and R values in the range of 0.38-0.67 for films deposited at 400 ◦C.
a kinetic energy cutoff of 80 Hartree and a uniform k-point
mesh of 55 × 55 × 55. Relativistic effects including spin-orbit
coupling were accounted for in the calculation by using a
relativistic pseudopotential17 and by employing the spin-orbit
term self-consistently. Isosurface images of the Fermi energy
in the Brillouin zone were recorded with the XCRYSDEN soft-
ware package,18 and a numerical integration was conducted to
evaluate the corresponding Fermi surface area.19
The substrate used for epitaxial growth of W was (112̄0)
Al2O3. In order to reduce the surface roughness and mosaicity
of the substrates, they were annealed at 1000 ◦C in air for 2 h
before deposition of the W layer.20,21 (110) oriented epitaxial
W films with nominal thicknesses ranging from 10 to 300 nm
were deposited at 520 ◦C by dc sputtering from a 99.95% pure
W target. Additional details can be found elsewhere.4
The thicknesses of W films were measured by x-ray
reflectivity and transmission electron microscopy (TEM) of
cross-sectioned samples. θ -2θ x-ray diffraction (XRD) scans
were performed in order to identify phase, epitaxial growth,
and the growth orientation. To assess the quality of the epitaxial
W films, angular full width at half maximum (FWHM) values
from rocking curve (ω scan) were measured for the (110) peak.
The surface roughness of the W films was measured by atomic
force microscopy (AFM) in the tapping mode.
For microstructural examination, one film, film F, was
examined in cross section in the transmission electron mi-
croscope (TEM). The sapphire substrate (MTI Corporation)
was beveled at two corners so as to clearly mark the side
parallel to the 〈0001〉 direction. The cross section was prepared
perpendicular to this side using a focused ion beam (FIB)
system. High-resolution transmission electron micrographs
(HRTEM) were recorded at 300 kV using an FEI Titan 80-
300 TEM. The sheet resistance of the films was measured using
the van der Pauw method.4,22 Resistivities were measured at
room temperature and at 4.2 K. Following deposition and after
the measurement of film resistivity in the as-deposited state,
the films were annealed at 850 ◦C for 2 h in Ar-4%H2.4 The
room temperature and 4.2 K resistivities of the films in the
as-deposited state and after the annealing treatment are given
in Table II.
III. RESULTS AND DISCUSSION
The Fermi surface constructed in the method described
earlier is shown in Fig. 1 where the four closed parts of the
surface are labeled with their commonly used designations,
i.e., electron jack, electron ball, hole octahedron, and hole
ellipsoid. The calculated Fermi surface area is 15.1 Å−2,
in close agreement with the values separately measured by
Sparlin and Marcus23 and Girvan et al.24 using the de Haas–van
Alphen (DHVA) effect. However, the value is a factor of 2
greater than the value of 7.0 Å−2 reported by Fawcett and
Griffiths.25
Isotropic average EMFP values over the Fermi surface in
metals can be obtained using the relationship between the





where e is the electric charge, h is Planck’s constant, and 〈λ0〉
is an averaged EMFP over the Fermi surface area. With the
electrical resistivity of 5.3 μ cm at 293 K (Ref. 27) and the
Fermi surface area of 15.1 Å−2, the EMFP of W is determined
as 19.1 nm.
TABLE II. Film identification, film thickness, deposition temperature, film resistivities at 293 K in the as-deposited and annealed states,
film resistivities at 4.2 K, and the residual resistivity ratio (RRR) for the subset of the annealed films. FWHM values from x-ray rocking curves
for the single-crystal films are also given. The films were ex situ annealed at 850 ◦C for 2 h in Ar-4%H2.
Film Film Roughness Resistivity at Resistivity at FWHM
i.d. thickness (nm) RMS (nm) 293 K (μ cm) 4.2 K (μ cm) RRR (degrees)
Annealed As-deposited Annealed Annealed As-deposited Annealed
A 9.8 0.46 12.2 10.1 4.6 2.2 0.09 0.08
B 19.9 0.31 9.8 8.6 3.5 2.5 – 0.09
C 41.4 0.50 8.6 7.7 2.4 3.2 0.08 0.09
D 62.8 0.42 7.8 7.4 2.2 3.3 – 0.16
E 123.1 0.28 6.9 6.6 1.5 4.4 – 0.16
F 187.1 0.69 6.8 6.4 1.3 4.8 0.37 0.23
G 299.7 0.45 6.5 6.3 1.3 4.8 – 0.33
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FIG. 1. (Color online) The Fermi surface of W constructed based
on density functional theory (DFT) calculation. The four closed parts
of the surface are labeled with their commonly used designations.
Table II gives the measured thicknesses of the W layers
and the root mean squared (RMS) roughness of the annealed
samples. Resistivities at 293 K for the films in the as-deposited
state and after the 850 ◦C anneal are also given in the table.
The resistivities at 4.2 K are given only for the annealed state.
Table II also gives the residual resistivity ratio (RRR) for the
annealed samples. Angular FWHMs from the rocking curves
are provided for all the annealed films and for a subset of the
as-deposited films.
Figure 2 presents the XRD pattern for film C in the annealed
state. Only the Al2O3 substrate peaks and the {110} peak of
α-W [body-centered cubic (bcc)] are seen in the figure.28 The
inset shows the rocking curve for the α-(110) peak for film C,
where the rocking curve FWHM was 0.09◦.
A high-resolution TEM micrograph for film F is shown
in Fig. 3. The selected area diffraction pattern for the W
layer, presented as the inset in the top right, evidences a [11̄1]
zone axis pattern. The measured interplanar spacing in this
micrograph along the film normal is 2.20 Å, which is close to
the expected value of 2.24 Å for d110 for α-W. Figure 3 shows
the epitaxial interface between the (112̄0) Al2O3 substrate
and the (110) W film, which is further evidenced by single-
crystal diffraction patterns of the Fourier-transformed lattice
images in the three different regions of Fig. 3 presented as
insets on the left.
FIG. 2. θ -2θ XRD patterns for film C in the annealed state. The
substrate peaks from left to right are 112̄0 and 224̄0, respectively.
The inset shows the rocking curve (ω scan) for the W-110 peak. The
FWHM value for this film was 0.09◦ (See Table II.)
FIG. 3. High-resolution transmission electron micrograph of film
F in the annealed state. The selected area diffraction pattern for the W
layer is presented as the inset in the top right corner of the HRTEM
micrograph. Fourier transforms of the lattice images in the three
different regions are presented as insets on the left.
The FWHMs of the XRD rocking curves were used






where Ddislocation is the dislocation density in the film and b is
the length of the Burgers vector. With the measured FWHM
values and the Burgers vector of 1/2[1 1 1] (=0.274 nm),31
the estimated dislocation densities for the annealed films are
in the range of 2.9 × 108 − 4.9 × 109 cm−2. This level of
dislocation density is not expected to significantly contribute to
the electrical resistivity of the films since epitaxial W films with
higher rocking curve FWHM values than seen here exhibited
resistivities close to the known bulk resistivity.32
The resistivity data at 293 and 4.2 K given in Table II
are plotted in Fig. 4. The data were fitted to the FS model
using Eq. (1), with the surface specularity p treated as a
FIG. 4. Resistivities of annealed, epitaxial single-crystal (110) W
films at 293 and 4.2 K are plotted as a function of film thickness. The
data points correspond to films A–G in Table II. The solid curves are
the best fit curves to the Fuchs-Sondheimer (FS) model.
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FIG. 5. Specularity parameter p and the associated mean square
error are plotted vs the EMFP. The discrete data points represent the
EMFPs given in Table I and the DFT-calculated EMFP.
fitting parameter. In using Eq. (1) account had to be taken
of the fact that the purity of the W sputtering target was
only 99.95%, and thus impurities clearly contributed to film
resistivity. To account for their contribution, the resistivity of
the 300-nm-thick film was taken as the bulk resistivity at the
two temperatures. The EMFP of the films at these temperatures
was then calculated by taking the product ρo〈λ〉o = 1.01 ×
10−15 m2 to be independent of temperature.
From the fits, the specularity parameter is found to be p =
0.11 ± 0.082 with the mean square error (MSE) of 0.06, the
error limits selected so as to give a 60% increase of the MSE.
This low value of p indicates nearly fully diffuse scattering
from the surfaces, as has also been seen for epitaxial Cu
films.33,34 The value of MSE for the fits is significantly lower
than the MSE of 0.21 found in the work by Mikhailov et al.
where an EMFP of 39.6 nm was used for the fits9 (see Table I).
Furthermore, the fits to the resistivity data reported here did
not require the use of an ad hoc parameter such as a dead layer,
as was done by Mikhailov et al..9
Although the FS model with the EMFP of 19.1 nm and
p = 0.11 provides a good description of the resistivity data
of W films prepared here, it is useful to determine whether
this parameter set represents a unique pair. To this end, the
specularity parameter p and the associated MSE were found
by fitting the resistivity data of the films as the EMFP was
increased from 1 to 500 nm. In Fig. 5, the values of p and MSE
are plotted for EMFP values up to 100 nm and shown as a solid
curve. The discrete data points in the figure are for the EMFPs
given in Table I and the EMFP obtained by DFT calculation
(19.1 nm), and it should be noted that all the prior conflicting
values of p from Table I fall on this single p vs EMFP curve.
Further, it can be seen that the MSE of the fitting shows a
very sharp decrease with increasing EMFP, reaching its low
plateau for an EMFP near the DFT value of 19.1 nm. The
specularity parameter (p) shows a complementary increase
and reaches a value of 0.61 at an EMFP of 54 nm (and 0.95
at an EMFP of 500 nm, not shown). Clearly, the use of the
FS model does not provide a physically meaningful upper
bound to the EMFP. However, using the F -test to examine the
error values (i.e., the set of differences between the calculated
resistivities and the experimental ones) does allow a lower
bound to be placed on the EMFP of 12 nm at a confidence
level of >93% and 10 nm at a confidence level of >99%.
Thus, the measured film resistivities clearly render the values
of EMFP by Rossnagel et al.10 and Choi et al.4 in Table I
unlikely, but are not able to select among the other entries in
the table. The difficulty in establishing an upper-bound EMFP
using the FS model is inherently associated with the nature
of the specularity coefficient defined in the model; i.e., even
with a very long EMFP, the fitting can be successful with p
falsely becoming very close to 1 (almost mirrorlike reflection
at surfaces). Therefore, the approach of estimating an EMFP as
a result of fitting resistivity data to the FS model, for example,
in the work of Ref. 7 in Table I, can result in a significantly
longer value than the actual EMFP.
In order to determine at what linewidth the resistivity
of polycrystalline W lines will cross below that of Cu, it
will be necessary to determine the grain boundary reflection
coefficient for W. This is the subject of ongoing work and will
be reported in future publications.
IV. CONCLUSION
Using the Fermi surface area calculated using the density
functional theory (DFT), the electron mean free path (EMFP)
of pure, bulk W due to phonon scattering at room temperature
was determined as 19.1 nm. The Fuchs-Sondheimer (FS)
model with this value of EMFP and nearly fully diffuse surface
scattering was then shown to provide a very good description
of the resistivity as a function of thickness for (110) oriented
epitaxial W films deposited on (112̄0) Al2O3 substrates. The
resistivity data and the FS model allowed a lower bound on the
EMFP to be placed at 12 nm at a confidence level of >93%
and 10 nm at a confidence level of >99%, whereas no upper
bound to the EMFP can be established using the FS model.
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